Background: Doxapram is a treatment option for severe apnea of prematurity (AOP). However, the effect of doxapram on the diaphragm, the main respiratory muscle, is not known. Objectives: To investigate the effect of doxapram on diaphragmatic activity measured with transcutaneous electromyography of the diaphragm (dEMG). Methods: A pilot study was conducted in a tertiary neonatal intensive care unit. Diaphragmatic activity was measured from 30 min before up to 3 h after the start of doxapram treatment. dEMG parameters were compared to baseline (5 min before doxapram treatment) and at 15, 60, 120 and 180 min after the start of doxapram infusion. Results: Eleven preterm infants were included with a mean gestational age of 25.5 ± 1.2 weeks and birth weight of 831 ± 129 g. The amplitude dEMG , peak dEMG and tonic dEMG values did not change in the 3 h after the start of doxapram infusion compared to baseline. Clinically, the number of apnea episodes in the 24 h after doxapram treatment decreased significantly. Conclusion: Doxapram infusion does not alter diaphragmatic activity measured with transcutaneous dEMG in preterm infants with AOP, indicating that its working mechanism is primarily on respiratory drive and not on respiratory muscle activity.
Introduction
Apnea of prematurity (AOP) is common in preterm infants and can be treated with pharmacological interventions and respiratory support [1, 2] . First-line therapy consists of methylxanthines, i.e. caffeine, and nasal continuous positive airway pressure. When this treatment is not sufficient, doxapram could be considered [2] . Doxapram is an analeptic drug that stimulates peripheral chemoreceptors in the carotid bodies as well as the central chemoreceptors in the respiratory center in the brainstem [3] . Previous research has shown that infusion of doxapram is effective in reducing apneic events and preventing respiratory insufficiency requiring intubation and invasive mechanical ventilation [4] . Furthermore, some small physiological studies have shown an increase in This article is licensed under the Creative Commons AttributionNonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND) (http://www.karger.com/Services/OpenAccessLicense). Usage and distribution for commercial purposes as well as any distribution of modified material requires written permission.
DOI: 10.1159/000493359 minute ventilation and tidal volume after infusion of doxapram, but only if dosed > 1 mg/kg/h [5, 6] . However, due to concerns about the effect of doxapram on longterm outcomes of preterm infants it is used as a rescue in infants with imminent respiratory failure due to severe AOP [7] .
Recently, it has been shown that caffeine administration in preterm infants suffering from AOP leads to an increase in diaphragmatic activity [8] . However, the effect of doxapram on the diaphragm, the main respiratory muscle, is not known. Therefore, a pilot study was conducted to investigate the effect of doxapram on diaphragmatic activity measured with transcutaneous electromyography of the diaphragm (dEMG).
Methods
A prospective observational pilot study was conducted in the neonatal intensive care unit of the Academic Medical Centre Amsterdam, the Netherlands. Preterm infants born at a gestational age of less than 32 weeks with AOP unresponsive to caffeine treatment and noninvasive respiratory support were included when starting treatment with doxapram infusion. The decision to start doxapram was made by the attending physician. The study protocol was approved by the local Medical Ethics Committee, and both parents provided written informed consent.
Study Procedure
Recording of diaphragmatic activity was initiated 30 min before the start of doxapram treatment and was continued for 3 h after the infusion had started. Transcutaneous dEMG was obtained from 3 skin electrodes (disposable Kendall H59P Electrodes; Covidien, Mansfield, MA, USA), 2 placed on the left and right frontal diaphragm and 1 common electrode placed on the sternum. The electrodes were connected to a portable 16-channel physiological amplifier (Dipha-16, Demcon, Son, the Netherlands), which wirelessly sent the measured raw dEMG data to a bedside computer. The software package Polybench (Applied Biosignals, Weener, Germany) was used to process the raw signal to an averaged dEMG signal, which was used for data analyses. Further information on data processing has been published previously [9] .
According to our unit protocol, doxapram infusion started with a loading dose of 2.5 mg/kg in 15 min and was thereafter continued with an infusion rate of 0.5 mg/kg/h. Depending on the effect on apnea, the dose could be increased to a maximum of 2.0 mg/kg/h. Failure of doxapram treatment was defined as respiratory failure requiring intubation and invasive mechanical ventilation within 48 h after doxapram had been started.
Data Collection and Analysis
Demographic and clinical data were collected of all included infants. Data on respiratory support was collected up to 48 h after the start of doxapram. The number of apnea episodes, associated with desaturation (SpO 2 < 80%) and/or bradycardia (heart rate < 100 beats/min), was registered in the 24 h before and 24 h after the start of doxapram infusion. Diaphragmatic activity was measured as amplitude dEMG , peak dEMG and tonic dEMG values of the dEMG signal over 30 s of stable recording at baseline (5 min before doxapram treatment) and at 15, 60, 120 and 180 min after the start of doxapram infusion. A percentage change in dEMG-derived parameters was measured at each time point compared to baseline. Furthermore, the inspiratory time, expiratory time, respiratory rate and heart rate were collected from the dEMG signal at all time points. Data on oxygenation and ventilation were not recorded as monitoring of these variables is not standard of care in our unit when infants are on noninvasive support.
Statistical Analysis
SPSS version 24 (IBM, Armonk, New York, NY, USA) was used for statistical analysis. Depending on their distribution, data were expressed as mean ± standard deviation or median (interquartile range). Numerical data were expressed as numbers and percentages.
Repeated measurement analysis was done by using the Friedman test and post hoc Dunn test to describe dEMG and clinical parameters over time. The number of apnea episodes in the 24 h before and 24 h after the start of doxapram were compared with the Wilcoxon signed rank test. A p value of < 0.05 was defined as statistically significant.
Results

Study Population
Eleven preterm infants with a mean gestational age of 25.5 ± 1.2 weeks and birth weight of 831 ± 129 g were measured with dEMG when doxapram infusion was started (median postnatal age: 15 days, interquartile range 
The Effect of Doxapram
The amplitude dEMG , peak dEMG and tonic dEMG values did not change in the 3 h after the start of doxapram infusion compared to baseline ( Fig. 1; Table 1 ). Furthermore, no change was seen in inspiratory time, expiratory time, respiratory rate and heart rate in this time window (Table 1) .
Four (36%) infants failed doxapram treatment and needed invasive mechanical ventilation within 48 h. Compared to infants successfully treated with doxapram, no difference was found in terms of diaphragmatic response.
Clinically, the treatment with doxapram led to a significant decrease in the number of apnea episodes from 32 (interquartile range 24-51) in the 24 h before to 23 (interquartile range 18-28) in the 24 h after the start (p = 0.012). This reduction in apnea was most prominent in infants not requiring intubation and invasive mechanical ventilation compared to infants who failed doxapram treatment and needed invasive mechanical ventilation within 48 h after starting doxapram treatment.
Discussion
In this pilot study on the effect of doxapram on diaphragmatic activity in preterm infants, no significant change in dEMG-derived parameters was found in the first 3 h after the start of doxapram treatment.
Doxapram is an increasingly used drug to treat infants with severe AOP resistant to caffeine therapy and maximal noninvasive respiratory support [10] . Previous studies have shown that doxapram reduces apnea frequency and the need for invasive mechanical ventilation [4] . However, a recent systematic review, based on a small number of studies with mainly low quality of evidence, indicated that no firm conclusions can be drawn on the efficacy and safety of doxapram [7] . Furthermore, its working mechanism is still poorly understood.
Our study confirms the positive effect of doxapram on apnea reduction but adds important new knowledge that this beneficial effect is probably not mediated through an increase in diaphragmatic activity measured in stable transcutaneous dEMG recordings. This suggests that the primary effect of doxapram is to regulate respiratory drive and not respiratory muscle activity. This is in contrast to caffeine, which results in a direct and persistent increase in diaphragmatic activity in preterm infants [8] . It is unlikely that this different effect of doxapram and caffeine on diaphragmatic activity is dose related, as we administered a doxapram loading dose of 2.5 mg/kg in 15 min which is the maximal tested dose for treatment of AOP in preterm infants [11] . Therefore, the working mechanism of doxapram is actually different from that of caffeine which makes a synergistic effect of these drugs possible. As doxapram is very rapidly metabolized and its clinical effect is often seen within minutes, extending the 3-h measurement would probably not have changed our findings. It is important to acknowledge that we only included 11 infants in this physiological study. However, the absence of any signal indicating a doxapram-mediated effect on diaphragmatic activity makes it unlikely that we would have found a clinically relevant treatment effect on this outcome in a larger sample size. Furthermore, the sample size used in this study is common in this type of research.
In conclusion, doxapram infusion does not alter diaphragmatic activity measured with transcutaneous dEMG in preterm infants with AOP, indicating that its working mechanism is primarily on respiratory drive and not on respiratory muscle activity. This probably explains the additive effect of doxapram in caffeine-treated preterm infants with persistent AOP.
